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(57) ABSTRACT 
A percussive augmenter bit includes a connection shaft for 
mounting the bit onto a rotary drill. In a first modality, an 
actuator percussively drives the bit, and an electric slip-ring 
provides power to the actuator while being rotated by the drill. 
Hammering action from the actuator and rotation from the 
drill are applied directly to material being drilled. In a second 
modality, a percussive augmenter includes an actuator that 
operates as a hammering mechanism that drives a free mass 
into the bit creating stress pulses that fracture material that is 
in contact with the bit. 
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FIG. 5 
MOUNT CONNECTION SHAFT 	 502 
ONTO COMMERCIAL ROTARY 
DRILL 
DRIVE BIT 
	 504 
USING ACTUATOR 
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PERCUSSIVE AUGMENTER OF ROTARY 
DRILLS FOR OPERATING AS A 
ROTARY-HAMMER DRILL 
CROSS-REFERENCE TO RELATED 
APPLICATIONS 
This application claims the benefit under 35 U.S.C. Section 
I I9(e) of the following co-pending and commonly-assigned 
U.S. provisional patent application(s), which is/are incorpo-
rated by reference herein: 
Provisional Application Ser. No. 61/254,392, filed on Oct. 
23, 2009, by Jack B. Aldrich, Yoseph Bar-Cohen, Stewart 
Sherrit, Mircea Badescu, Xiaoqi Bao, and James S. Scott, 
entitled "PercussiveAugmenter of Rotary Drills (PARoD) for 
Operating as a Rotary-Hammer Drill." 
STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH AND DEVELOPMENT 
The invention described herein was made in the perfor-
mance of work under NASA contract NAS7-1407, and is 
subject to the provisions of Public Law 96-517 (35 USC 202), 
in which the Contractor has elected to retain title. 
BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The present invention relates generally to drills, and in 
particular, to a percussive augmenter of rotary drills (PARoD) 
for operating as a rotary-hammer drill. 
2. Description of the Related Art 
(Note: This application references a number of different 
publications as indicated throughout the specification by cita-
tions enclosed in brackets, e.g., [x]. A list of these different 
publications ordered according to these citations can befound 
below in the section entitled "References." Each of these 
publications is incorporated by reference herein.) 
There is a need for a drill that can be used to rapidly 
penetrate concrete walls while using minimum tool weight, 
size and power. In addition, there is a need for effective drills 
in interplanetary missions such as the Phoenix and MSL 
(Mars Science Laboratory) missions. In the Phoenix and 
MSL missions, a Phoenix Mars lander or surface rovertargets 
a region using a robotic arm to dig and analyze the target 
environment including the geology and geochemistry of the 
region. Further, in-situ exploration missions (e.g., for NASA) 
increasingly require analysis of acquired samples to detect 
and characterize the presence of potential biomarkers of life 
and water, as well as determine the geological properties. For 
these missions, there is a critical need to produce samples 
using effective mechanisms. These problems may be better 
understood with a description of prior art drilling systems. 
For planetary applications, prior art systems provided an 
ultrasonic/sonic driller/corer (USDC) [Bao, et al., 2003; Bar-
Cohen et al., 1999; NDEAA Website] that addressed the 
need: (1) to use low axial forces and holding torques; (2) for 
lightweight hardware; and (3) for a drill that consumes low 
power with the ability to efficiently duty cycle the used power. 
To enhance the capability of the USDC, sensors were 
mounted on the USDC and allowed to conduct real-time 
measurements inside the drilled borehole [Bar-Cohen et al., 
2005]. Following the development of USDC, additional 
designs were developed as disclosed in [Aldrich et al., 2006; 
Badescu et al., 2007; Bar-Cohen et al., 2002; Bar-Cohen et 
al., 2003; Bar-Cohen and Sherrit, 2003; Bar-Cohen et al., 
2 
2005a; Bar-Cohen et al., 2005b; Bar-Cohen et al., 2007; Sher-
rit et al., 2001; Sherrit et al., 2002; Sherrit et al., 2003]. 
FIG.1 illustrates a photographic view of a USDC showing 
its ability to drill with minimum axial force (left), and a 
5 schematic diagram of its cross-section (right). As illustrated 
in FIG. 1, the USDC is a drill that consists of three key 
components: (1) an actuator (also called transducer); (2) a 
free-mass; and (3) a bit. 
The actuator operates as an vibratory hammering mecha-
nism that drives the free-mass into the bit creating stress 
pulses that fracture the rock or concrete that is in contact with 
the bit. The actuator consists of a stack of piezoelectric rings 
with backing for forward power delivery and a horn for ampli- 
15 fication of the induced displacement. The USDC is actuated 
by a piezoelectric stack that is driven in resonance and is held 
in compression by a stress bolt that prevents its fracture dur-
ing operation (the piezoelectric rings are made of ceramic that 
can break if subject to tension). In the basic design, the piezo- 
20 electric stack has a resonance frequency of about 20-kHz but 
drills with frequencies ranging from 5 to 30 kHz. The actuator 
drives a free-flying mass (free-mass), which bounces between 
the horn tip and the bit converting the mechanical impacts to 
hammering at sonic frequencies. The impacts of the free- 
25 mass create stress pulses that propagate to the interface of the 
bit and the material onto which the USDC is placed in contact. 
The drilled rock or concrete is fractured when its ultimate 
strain is exceeded at the rockibit interface. 
However, the above design does not perform rotary ham- 
30 
mering in a manner that can be commercialized for the con-
struction and remodeling industries. In this regard, while the 
prior art USDC may be useful and novel, it cannot be utilized 
with commercial products. Thus, prior art drills fail to provide 
35 an effective large diameter drill that performs high speed 
drilling and that also enhances the capability of commercial 
rotary drills. Also, there is a need to address the challenges 
that are inherent to other drills that include large mass and 
requirements of a high axial preload or weight on bit. 
40 Accordingly, what is needed is an effective large diameter 
drill that performs high speed drilling, can be used with 
commercial rotary drills, and that include large mass and a 
high preload or weight on the drill bit. 
45 	 SUMMARY OF THE INVENTION 
One or more embodiments of the invention provide a novel 
drill bit that performs percussive action for use as an aug-
menter of rotary drills converting them into highly effective 
50 Rotary-Hammer Drills. The bit has two key modalities 
including one with free-mass (USDC-based design) and one 
without it allowing performance options. 
Novel features of embodiments may include: 
A piezoelectric actuated bit that percussively drills and 
55 operates as an augmenter of rotary drills to form rotary-
hammering drills; 
A bit design that allows for pneumatic and/or water cool-
ing; and 
A percussive drill bit with a modality of including free-
60 mass allowing performance options. 
BRIEF DESCRIPTION OF THE DRAWINGS 
Referring now to the drawings in which like reference 
65 numbers represent corresponding parts throughout: 
FIG. 1 illustrates a photographic view of an ultrasonic/ 
sonic driller/corer (USDC) of the prior art; 
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FIGS. 2A-2C illustrate an augmentation tool as a bit with-
out free-mass in accordance with one or more embodiments 
of the invention; 
FIGS. 3A-313 illustrate a close-up illustration of the aug-
mentation tool as a bit with free-mass in accordance with one 
or more embodiments of the invention; 
FIG. 4 is an exemplary plumbing configuration for a 
PARoD bit in accordance with one or more embodiments of 
the invention; and 
FIG. 5 is a flow chart illustrating the logical flow for drill-
ing using the percussive augmenter in accordance with one or 
more embodiments of the invention. 
DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 
In the following description, reference is made to the 
accompanying drawings which form a part hereof, and which 
is shown, by way of illustration, several embodiments of the 
present invention. It is understood that other embodiments 
may be utilized and structural changes may be made without 
departing from the scope of the present invention. 
Overview 
One or more embodiments of the invention provide a 
piezoelectric actuated percussive bit that augments rotary 
drills to form a highly effective rotary-hammering drill/sam-
pler. The bit has two key modalities including one with vibrat-
ing free-mass (mechanical impacts) and one without it gen-
erating sonic/ultrasonic/vibratory axial movement of the bit 
teeth. The bit employs an electrical power transfer mecha-
nism (e.g., an electrical slip-ring) and mechanical slip-rings 
to transfer electric power as well as water (for the removal of 
cuttings and bit cooling) while freely turning the bit. The 
cooling plumbing can be connected to the related fixtures on 
heavy-duty rotary drills. 
Detailed Embodiments 
Embodiments of the invention provide a percussive/vibra-
tory augmenter of rotary drills that turns rotary drills into a 
highly effective rotary-hammering drill. A percussive drill bit 
is driven by an actuator (piezoelectric, electrostrictive, or 
magnetostrictive) and provides a rotation mechanism that 
effectively removes the cuttings androck breaking to enhance 
the drilling speed. In this regard, prior designs of an integrated 
rotary-hammer drill have been shown to increase the drilling 
rate by a factor of 10 times. 
In one or more embodiments of the invention, the well 
established capability of rotary drills are employed and their 
performance is enhanced by utilizing a percussive bit that 
augments their operation. The bit (referred to herein as the 
Percussive Augmenter of Rotary Drills [PARoD]) is either 
driven directly by a an actuator or via a free-mass and includes 
slots to assure that the tip of the bit does not rotate separately 
from the actuator. The impacts of the bit induce stress pulses 
that fracture the rock or concrete when the ultimate strain is 
exceeded. 
The PARoD tool is shaped as a bit that is mounted onto 
rotary drills and uses the power and cooling sources of units 
for the rotary actuation. The PARoD tool may be designed to 
the size scale of the ultrasonic/sonic Gopher developed and 
demonstrated at Antarctica, where a depth of 1.76-m in ice 
was reached [Bar-Cohen et al., 2005b] . The bit can be made in 
various diameters and the one demonstrated inAntarctica was 
about 5-cm in diameter. The bit design has two modalities: 
4 
(a) A bit without a free-mass The vibratory hammering 
action from the actuator (e.g., a piezoelectric stack) and the 
rotation from the drill are applied directly to the drilled object 
(FIG. 2A-2C); and 
5 	 (b) A bit with a free-mass This bit is designed to rotate the 
tip and transmit the impact of a free mass while the complete 
bit turns as a single unit (FIG. 3A-3B). 
Two disclosed percussive bit designs are shown in FIGS. 
2A-2C and FIGS. 3A-3B. FIGS. 2A-2C illustrate an augmen- 
io tation tool as a bit without free-mass in accordance with one 
or more embodiments of the invention. More specifically, 
FIG. 2A is a solid model rendering of the bit, FIG. 2B is a 
cross-section of a close-up of drilling an object, and FIG. 2C 
is a full view of drilling an object. FIGS. 3A-313 illustrate a 
15 close-up illustration of the augmentation tool as a bit with 
free-mass in accordance with one or more embodiments of 
the invention. More specifically, FIG. 3A is a cross-section 
image showing the free-mass and a preload spring using a 
dog-bone horn configuration. FIG. 3B is a solid model ren- 
2o dering showing the horn, spring, and free-mass. The keys in 
FIG. 3B make the horn rotate with the bit. 
The bit (whether with or without a free mass) has a con-
nection shaft (e.g., connection shaft 202 of FIG. 2A-2B) that 
allows mounting the bit onto rotary drills (e.g., a commercial 
25 rotary drill). The left section in FIGS. 2A and 2C shows an 
electric slip-ring 204 (i.e., an electrical power transfer mecha-
nism) that provides power to an actuator 206 (e.g., a piezo-
electric, electorstrictive, or magneto stri ctive actuator) with 
minimal electric noise while being rotated by the drill. In 
so addition, FIGS. 2A-2C show a mechanical slip-ring 204 that 
provides water for bit cooling and borehole cleaning 
Note that the actuator 206 may be configured to induce 
minimal vibrations at the nodal plane that serves as the 
mounting section on the actuator structure. Such a configu- 
35 ration allows connecting the actuator 206 to the housing 
without transmitting vibrations from the actuator 206. The 
driving frequency is designed to operate at the resonance 
frequency of the piezoelectric stack. The actuator 206 may 
also be fabricated using a stack of piezoelectric rings with a 
4o backing layer for forward power delivery and a horn that 
amplifies the induced displacement. 
The piezoelectric stack shown in FIGS. 2B and 2C (in 
addition to other designs) is designed to allow for water (as in 
commercial drills) to be used for the cooling as well as for the 
45 removal of the powdered cuttings and other concrete debris 
during drilling. The long hollow section 210 in FIGS. 2A-2C 
is the coring section of the bit and its internal hollow section 
length dictates how deep one can drill without the need to 
remove the produced core material. 
50 	 At the cutting end of the bit in FIG. 2A there are teeth 212 
shown with the same configuration as the commercial ones in 
a rotary type drill. This teeth 212 design can be altered if other 
designs are determined to be more effective or desired. The 
use of flutes on the surface of the bit is a potential modality of 
55 the bit and can be used while taking other effects into consid-
erations such as the increase in the system weight. Alternative 
methods for the removal of the powdered cuttings can be used 
including asymmetric bristles on the bit external surface. The 
augmentation tool may be operational by a single person who 
60 is drilling while standing. However, less portable designs are 
also part of the modalities of the invention. 
In order to supply the required high frequency power to the 
piezoelectric actuator 206, electric power transmitters such as 
commercially available electric slip-rings can be used in the 
65 design. Some of these slip-rings use fiber-brushes while oth- 
ers use mercury. Generally, fiber-brushes are preferred due to 
the health hazard and risk that is involved with the compo- 
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nents that contain mercury. In selecting the most effective 
electric slip-ring, there are several considerations including 
cost (varies from tens to thousands of dollars), maximum 
operation speed, dimensions, as well as operating voltage and 
current. For example, the slip-ring model 2431-00 that is 
made by the company called Electro MiniaturesTM. This elec-
tric slip-ring model allows maximum rotation speed of 1000 
RPM, maximum voltage of 750 V, maximum current of 10 
Ampere, and it has an internal diameter of 0.75 inch and an 
external diameter of 3.75 inch. Although the 1000 RPM is 
typically lower than the no-load rotation speed of rotary 
drills, the maximum RPM of these slip-rings is sufficient for 
the disclosed rotary-hammering drill under load. For example 
the END 130/3PO of an exemplary drill may have a max 
no-load speed of 1800 RPM. 
Using the water inlet that is provided with rotary drills, 
various configurations can be used for the delivery of the 
water through the PARoD bit. An example of a plumbing 
configuration for a PARoD bit is shown in FIG. 4. As illus-
trated, using the existing water inlet provided with customary 
rotary drills, water 402 can be supplied throughout the bit. 
Drilling with the Percussive Augmenter 
FIG. 5 is a flow chart illustrating the logical flow for drill-
ing using the percussive augmenter in accordance with one or 
more embodiments of the invention. 
At step 502, a connection shaft of a percussive augmenter 
is mounted onto a rotary drill. The percussive augmenter (and 
bit) are rotated by the rotary drill. 
At step 504, the percussive augmenter is percussively 
driven using an actuator. As described above, there are two 
modalities for the actuator. 
In the first modality, an actuator is used and power is 
provided to the actuator using an electric power transfer 
mechanism (e.g., slip-ring) while being rotated by the rotary 
drill. Note that as used herein, an electrical power transfer 
mechanism is as a generic device that transmits electrical 
power from an external power supply that is stationary, to the 
rotating "percussion unit". A hammering action (e.g., a vibra-
tory hammering action) from the actuator and rotation from 
the rotary drill are applied directly to a material being drilled. 
Keys and slots interfaces may be used to assure that a tip of the 
augmenter bit does not rotate separately from the actuator. 
The actuator may be a piezoelectric actuator, an electros-
trictive actuator, and/or a mangetostrictive actuator. Further, 
water for bit cooling and borehole cleaning may be provided 
using a mechanical slip-ring. In this regard, the actuator may 
allow for water to be used for cooling and the removal of 
extraneous materials. In addition, the bit may further have a 
hollow coring section. The length of an internal hollow sec-
tion length (of the coring section) dictates a drilling depth 
(that can be used) without/before a need to remove produced 
material. 
In the second modality, the actuator operates as a hammer-
ing mechanism and drives a free mass into a bit to create stress 
pulses that fracture material in contact with the bit. In such a 
modality, the actuator may include a stack of piezoelectric 
rings with backing for forward power delivery and a horn for 
amplifying induced displacement. The free mass bounces 
between a tip of the horn and the bit converting the pulses into 
hammering at sonic frequencies. The stack of rings may also 
include a preloaded spring and the horn may be in a dog-bone 
horn configuration. In addition, one or more keys (or wedges) 
may be used to cause the horn to rotate with the bit. 
CONCLUSION 
This concludes the description of the preferred embodi-
ment of the invention. The foregoing description of the pre- 
6 
ferred embodiment of the invention has been presented for the 
purposes of illustration and description. It is not intended to 
be exhaustive or to limit the invention to the precise form 
disclosed. Many modifications and variations are possible in 
5 light of the above teaching. It is intended that the scope of the 
invention be limited not by this detailed description, but 
rather by the claims appended hereto. 
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What is claimed is: 
1. A percussive augmenter bit, comprising: 
a connection shaft configured for mounting the percussive 
augmenter bit onto a rotary drill, wherein the percussive 
65 	 augmenter bit is rotated by the rotary drill; 
an actuator that percussively drives the percussive aug-
menter bit; 
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an electric power transmission mechanism that provides 
power to the actuator while being rotated by the rotary 
drill; 
slots that assure a tip of the percussive augmenter bit does 
not rotate separately from the actuator; 
wherein hammering action from the actuator and rotation 
from the rotary drill are applied directly to material 
being drilled. 
2. A percussive augmenter bit, comprising: 
a connection shaft configured for mounting the percussive 
augmenter bit onto a rotary drill, wherein the percussive 
augmenter bit is rotated by the rotary drill; 
an actuator that percussively drives the percussive aug-
menter bit; and 
an electric power transmission mechanism that provides 
power to the actuator while being rotated by the rotary 
drill; 
wherein hammering action from the actuator and rotation 
from the rotary drill are applied directly to material 
being drilled; and 
wherein the actuator comprises a piezoelectric actuator. 
3. The percussive augmenter bit of claim 2 wherein the 
electric power transmission mechanism comprises a slip-
ring. 
4. The percussive augmenter bit of claim 2 wherein the 
hammering action comprises a vibratory hammering action. 
5. The percussive augmenter bit of claim 2 further com-
prising a mechanical slip-ring that provides water for bit 
cooling and borehole cleaning. 
6. The percussive augmenter bit of claim 2 wherein the 
actuator allows for water to be used for cooling and removal 
of extraneous materials. 
7. A percussive augmenter bit, comprising: 
a connection shaft configured for mounting the percussive 
augmenter bit onto a rotary drill, wherein the percussive 
augmenter bit is rotated by the rotary drill; 
an actuator that percussively drives the percussive aug-
menter bit; 
an electric power transmission mechanism that provides 
power to the actuator while being rotated by the rotary 
drill; and 
a hollow coring section, wherein an internal hollow section 
length of the hollow coring section dictates a drilling 
depth without a need to remove produced core material; 
wherein hammering action from the actuator and rotation 
from the rotary drill are applied directly to material 
being drilled. 
8. A method for drilling material comprising: 
mounting a connection shaft of a percussive augmenter bit 
onto a rotary drill, wherein the percussive augmenter bit 
is rotated by the rotary drill; 
8 
percussively driving the percussive augmenter bit using an 
actuator; and 
providing power to the actuator using an electrical power 
transfer mechanism, wherein the power is provided 
5 	 while being rotated by the rotary drill; and 
wherein a hammering action from the actuator and rotation 
from the rotary drill are applied directly to the material 
being drilled; and 
wherein the actuator comprises a piezoelectric actuator. 
10 9. The method of claim 8 wherein the hammering action 
comprises a vibratory hammering action. 
10. The method of claim 8 further comprising providing 
water for bit cooling and borehole cleaning using a mechani-
cal slip-ring. 
15 	 11. The method of claim 8 wherein the actuator allows for 
water to be used for cooling and removal of extraneous mate-
rials. 
12. A method for drilling material comprising: 
mounting a connection shaft of a percussive augmenter bit 
20 	 onto a rotary drill, wherein the percussive augmenter bit 
is rotated by the rotary drill; 
percussively driving the percussive augmenter bit using an 
actuator; 
providing power to the actuator using an electrical power 
25 	 transfer mechanism, wherein the power is provided 
while being rotated by the rotary drill; and 
assuring a tip of the percussive augmenter bit does not 
rotate separately from the actuator using keys and slots 
interfaces; 
30 wherein a hammering action from the actuator and rotation 
from the rotary drill are applied directly to the material 
being drilled. 
13. A method for drilling material comprising: 
mounting a connection shaft of a percussive augmenter bit 
35 	 onto a rotary drill, wherein the percussive augmenter bit 
is rotated by the rotary drill; 
percussively driving the percussive augmenter bit using an 
actuator; and 
providing power to the actuator using an electrical power 
40 	 transfer mechanism, wherein the power is provided 
while being rotated by the rotary drill; and 
wherein a hammering action from the actuator and rotation 
from the rotary drill are applied directly to the material 
being drilled; and 
45 	 wherein the percussive augmenter bit further comprises a 
hollow coring section, wherein an internal hollow sec-
tion length of the hollow coring section dictates a drill-
ing depth without a need to remove produced core mate-
rial. 
